Abstract
Introduction
Sea is a grazing ground where conventional marine vehicles, merchant ships, yachts, passenger ships etc. are moving from one place to another. These ships serve a variety of purposes like naval operations, drilling, marine operations, fishing etc. Wave induced motions can hamper the movement of ship; create severe stresses on the structure and problem from operational point of view. Relative vertical motions are important factor that determine loads on cargo and equipment and an important reason for seasickness. So the knowledge of wave-induced motions is important both in design of ships and its operational studies. In general, study of motions are carried out by two-dimensional strip theory, viz., Salvesen (1970) , Vugts (1971) and slender body theory by Newman (1978) that were often utilized to calculate the wave forces and its responses on floating bodies. But the theory is inadequate because of the assumption that ships consists of series of transverse segment or strip, flow to and around each strip is two dimensional in nature and no interactions of the flows at adjacent sections etc are taken. On the other hand, numerical methods using 3-D source method in ship hydrodynamics account for interaction between steady wave system and the oscillatory effects of ship motions as well as properly account for accurate shape of the vessel. In the last few decades, significant development has been observed on the ship hydrodynamic problem mainly on offshore structures having zero forward speed and in this regard the works of Faltinsen (1975) , Hogben (1975) , Garison (1978 ) & Inoue (1996 can be referred.
But for a floating body including forward speed creates a quite complex situation to obtain the hydrodynamic forces and moments. For the speed dependent situation, the general boundary condition becomes complicated that makes the problem quite complex.
Works on vessels considering forward speed is limited , Iwashita (1989) , Faltinsen (1991) , Islam (2003) ] and these research works were carried out taking large panels due to limitation of computing facility. Moreover the hydrodynamic behaviour of a fine fast ship vessel is of great importance than that of a fuller vessel as the fast fine vessels are engaged for important operations. Examples in this respect can be drawn from those of naval vessels; frigates which are fast fine shaped and are engaged for important operations. Again, with the advent of modern computers, in ship hydrodynamics, 3-D source distribution method is gaining much popularity and normally applied for blocky hull. But in the case of finer hull, examples are rare especially considering forward speed effect. Hence the main objective of this research work is to develop a mathematical model based on 3-D source distribution technique using linear wave theory, validate the developed model and to apply it for an existing fine shaped ship for motion simulation. In order to obtain the motion simulation in irregular waves, the hydrodynamic coefficients and wave exciting forces and moments were calculated in finite water depth condition. Utilizing the above results (added mass, damping coefficients and wave exciting forces) the time domain motion simulation of the same vessel was carried out in an irregular sea at Hiron Point of the Bay of Bengal by applying a new wave spectrum formula [Alam (2000) ] developed by regression analysis using wave data at the concerned location. It may be noted that for this purpose standard ITTC or ISSC spectrum formulae have not been used as these formulae are recommended when wave data are not available.
Mathematical model
Two right-hand Cartesian co-ordinate systems, one fixed with respect to the mean position to the body (X, Y, Z) and another fixed to the space ( )
have been used. The positive Z-axis is vertically upward. For the fixed co-ordinate system, the positive Z-axis (OZ) passes through the centre of gravity of the body in still water condition; the origin O in the plane of the undisturbed free surface i.e. in the calm water surface and OXY represents the calm water plane. If the body moves with a mean forward speed (U ), this coordinate system moves with the same speed. The body is normally assumed to have the X-Z plane as a plane of symmetry. The translatory displacements in the X, Y and Z directions with respect to the origin are and X is the yaw angle. The coordinate system is shown in Figure: 1.
Governing Equations
Assuming the amplitude of the motions as well as that of the incident waves are small, and the fluid is inviscid and irrotational, for a three-dimensional arbitrary shaped body traveling at constant forward speed U , the total velocity potential Φ can be written as As the present research work has been carried out mainly on a fine shaped small vessel and the characteristic dimension of the ship is relatively small compared to the wave length, the structure creates less obstruction to the propagation of waves and due to finer underwater hull shape, the incident waves also get less scattered. Thus the diffraction potential of the incident waves will be very less in comparison to other potentials due to less scattering of incident waves and can be neglected. Some researchers [viz. Wang (1999) ] have used 3D source method for slender bodies with relaxed radiation condition for computing ship motion. So assuming the value of 7 φ very small comparing to j φ , 7 φ can be neglected and the velocity potential can be written as: On the mean wetted surface area S, the above linear velocity potentials must satisfy this Laplace equation and also the following boundary conditions:
Boundary conditions
The steady motion potential:
where ( )
Linearized free surface boundary condition:
iii In fact, there is no analytical solution for j φ . So the problem needs to be solved by applying one of the numerical technique and in this research work this problem has been solved by 3-D source method. According to 3-D source distribution method, the potentials j φ can be expressed in terms of wellknown Green functions. As a result, boundary conditions are reduced only on wetted surface of the body. So, the wetted surface is divided into a number of panels to transform integral equations to a system of algebraic equations to determine unknown source density over each panel.
The potential function at some point P in the fluid region in terms of surface distribution of sources can be written as:
denotes a point Q, on surface S and ) , , ( ζ η ξ σ denotes the unknown source distribution. The integral is to be carried out over complete immersed surface of the object. The Green function G (source potential) must in order to be valid, satisfy all the boundary conditions of the problem with the exception of the kinematics condition [equation 8, 9 and 10] and have a source like behavior. The particular expression for G appropriate to the boundary value problems posed is given in two different forms by Wehausen and Laitone [1969] . One of these is the integral form and has the following forms:
The solution to the boundary value problem is given by equation (11) satisfied all the boundary conditions since G itself satisfies these conditions. After getting the velocity potentials with the help of numerical calculation of the source density and velocity potential done on the basis of Green function, the hydrodynamic pressure at any point on the body can be obtained from the linearized Bernoulli's equation and can be written as:
Now after putting the value of in the equation (13), the following expression is obtained,
By neglecting the higher order terms, we can write
The first part of equation (15) is associated with the hydrostatic and steady forces, and for simplicity neglecting this part and by taking the dynamic fluid pressure part, the pressure expression becomes as given below. In this respect work of Makino (1997) can be refereed. Moreover, it is customary to decompose the hydrodynamic forces resulting from motion of the bodies into components in phase with the acceleration and velocity of the rigid body motions. These yield the added mass and damping coefficients respectively. These coefficients can be expressed from 
Equation of Motion in Time Domain
The approach to the hydrodynamics of a floating body has been discussed in the previous section based on a description of fluid and body motion in frequency domain. Such description is quite adequate provided that the system is linear and the mean position of the floating structure does not change. But as soon as the non-linear load displacement characteristics are considered, a time domain description is required.
For time domain motion analysis of a floating structure, motion equation can be derived on the basis of the equation proposed by Cummins (1962) , where frequency dependency of hydrodynamic reaction forces is taken into account by means of convolution integral. The equation of motion in time domain can be written as: Here and are frequency dependent added mass and damping coefficients matrices respectively (k and j take values from 1 to 6) and is the constant frequency which can be chosen arbitrarily. The advantages of describing the hydrodynamic forces due to added mass and damping effects using retardation functions lies in the fact that arbitrary motions can be accommodated correctly, irrespective of the motions of the structure. Using above definition, the equation of motion showing only the linear damping term at n-th time step (t = n 
The above equation can be solved by one of the numerical integration techniques in each time step. For the present study Newmark-Wilson [Garrison (1978) ] method has been applied to solve the equation. 
Where, ω ∆ is a constant difference between successive frequencies.
An investigation was carried out in Alam [2000] , for analysis and estimation of wave spectra at Hiron Point of the Bay of Bengal by using fast Fourier Transform. The wave data that was used for computation had been collected from mathematical model study and progress report of wave measurement of the concerned location by Danish Hydraulic Institute in collaboration with Bangladesh University of Engineering and Technology (BUET), (DHI, 1994) . It has been shown from the regression analysis that the following formula may be applied for estimation of spectral density at Hiron Point of the Bay of Bengal. 
Paneling/Meshing of Ship
A high-speed fine shaped ship has been taken for investigation, the particulars of which are given in Table 1 
Results of Time Domain Motion Simulation at different ship speed
The simulation of the selected vessel is carried out at the Hiron point of the Bay of Bengal for head sea condition using the spectrum developed on the basis of wave data as mentioned before.
The vertical displacement at stern due to the combined effect of heave and pitch motion and wave elevation at stern i.e. the relative motion of stern with respect to wave surface are calculated and plotted in figures 7 to 12. Their combined effects are added according to sign convention (figure 13) to get total vertical displacement of a point relative to wave surface at stern position, which was initially on the load water line in calm water condition. A typical example of relative vertical displacement at stern using figures 9, 10 & 12 is given in Table 2 . From these figures, it is also observed that maximum heave; maximum pitch and wave crest/trough are not coinciding at a point simultaneously. It may be noted that the propeller tip clearance from calm water level is 1.10 m. Their combined effects are added according to Figure 13 to get total vertical displacement of a point relative to wave surface at stern position, which was initially on the load water line in calm water condition.
Considering this, it is seen from these three displacements that the ship can run smoothly for Froude Number up to 0.50 at significant wave height 1.0 m without any propeller emergence. Beyond this range there is a possibility of partial emergence of propeller once in the simulated time. 
Conclusions
This particular research mainly focuses on the motion simulation of an existing fast fine vessel at Hiron point of the Bay of Bengal. For this purpose, a mathematical model based on 3-D source distribution has been developed and successfully utilized for calculation of the hydrodynamic coefficients and wave exciting forces in regular waves that are used as transfer functions for the program developed in time domain. A new wave spectrum formula at Hiron point of the Bay of Bengal has been used at various combination of significant wave height and ship speed. It may be noted that the results plotted are only for head sea condition (irregular unidirectional waves). On the basis of the results and discussions, at the concerned location, the studied ship can run smoothly up to significant wave height of 1 m with speed up to 22.8 knots (Froude Number 0.50) if both heave, pitch and wave elevations are considered. Beyond this range, the combined effect may start bringing the propeller tip out of water once in the simulated time. Moreover, the results can be applied for prediction of resistance increase, speed loss at constant power for the said vessel. However, the model can also be applied for prediction of performance of other ships as well by using different wave spectrum. As these days, the understanding of the motion behavior of high speed vessels has increased considerably; the present study has clearly demonstrated the applicability of the developed model.
